In this paper, a new interweave cognitive radio (CR) transmission scheme is analytically presented for energy harvesting (EH)-enabled transmitting nodes. The EH is performed via a dedicated power beacon (PB) base station through wireless power transfer, which harvests energy to both primary and secondary systems. The out-band mode-of-operation between PB and the two heterogeneous systems is considered, i.e., data communication and EH are realized at different frequency bands and asymmetric (nonequal) time durations. The performance of the new interweave CR system is studied under independent and not necessarily identically distributed κ − µ shadowed faded channels. Representative numerical and simulation results corroborate the effectiveness of the proposed scheme and presented analysis, while some useful engineering insights are provided.
I. INTRODUCTION
Energy harvesting (EH) via wireless power transfer can be used for enabling perpetual operation of wireless devices. Recently, EH has attracted increasing interests, mainly due to its capability of converting received RF signals into electricity, which in turn is able to provide stable and controllable power to prolong the lifetime of low-power energyconstrained autonomous networks [1] - [3] . Typical examples are machine-type communications such as the Internet of Things, Internet of Everything, Smart X, etc., where connectivity rather than high throughput seems to be of prime importance. On another front, cognitive radio (CR) has emerged as one of the most promising technologies to resolve the issue of spectrum scarcity. The key enabling technology of CR relies on the provision of capability to share the spectrum in an opportunistic manner, such that the secondary transmissions do not cause any harmful interference to the primary communication [4] .
The volume of the aforementioned machine-type communication devices (e.g., sensors) is expected to be massive and widespread worldwide to support various upcoming 5G-and-beyond applications [5] . Thereby, spectrum-and energy-efficiency should be some of the most prominent building blocks for the design of such systems. Consequently, CR and EH can be jointly utilized to achieve this goal due to their complementary benefits [6] , [7] .
Essentially, systems in which EH and data transfer occur at different frequency bands are known as out-band systems, while those working at the same frequencies are known as in-band systems. Obviously, out-band systems are interference-free between the power and data transfer segments [3] . To date, most related research works are focused either on the underlay CR transmission mode (i.e., secondary and primary communication overlaps to one another using the same resources) and/or the in-band EH operation [8] - [12] . It is worthy to state at this point that most previous works thus far considered the case when the system utilizes a fixed and identical time duration (i.e., a typical time-slotted communication system) to perform either data transmission (DT) or EH, according to the remaining energy status [8] - [11] .
In this paper, we propose a new interweave CR system, which operates under the presence of a primary one. We consider the case when both systems use EH-enabled transmission via a certain power beacon (PB) base station, which transmits in a dedicated frequency band (i.e., an out-band EH transmission). Notably, the out-band transmission mode is less complex than its corresponding in-band counterpart [13] . At a given transmission frame, the considered CR system utilizes a certain time fraction (specified by the primary service) for EH only, whereas it utilizes the rest of the frame duration for DT, conditioned on the fact that its available energy is enough to do so. It is also considered the practical case whereby a CR node can save a certain amount of energy in a given transmission frame so as to use it in future frames. The time duration of DT and EH is asymmetric at the proposed approach reflecting to an ''unbalanced tradeoff'' between energy costs (due to DT) and gains (due to EH) at each transmission frame. Such an asymmetric time duration between DT and EH was also studied in [12] , yet assuming that all the harvested energy in each transmission frame is consumed in the same frame, which is different from the proposed approach. Further, the simplified scenario of Rayleigh-only fading channels as well as a single-antenna PB was considered in [12] .
The main benefits of the proposed scheme are: (i) no co-channel interference is produced between the two systems; (ii) the CR system is purely EH-enabled since only an EH circuit and a micro-supercapacitor (as an energy storage device) are required, which is a much more cost-effective solution than rechargeable batteries [14] .
The main contributions of this paper are summarized as follows:
• Unlike previous studies [8] - [11] , an asymmetric duration between DT and EH at each transmission frame is considered herein due to the proposed interweave CR mode of operation.
• It is assumed that all the involved signals undergo the versatile and quite accurate κ − µ shadowed fading so as to approach realistic channel conditions [15] , [16] . Also, the generalized scenario of a multiple-antenna PB is analyzed.
• An exact and novel closed-form expression of the effective distance between PB and the secondary energy harvester is derived, which determines the range where the harvested energy is always enough for subsequent transmission.
• New and tight upper and lower bounds regarding the outage probability and average throughput of the considered system are derived in closed-form expressions, respectively.
• The scenario of practical imperfections at the EH equipment of the secondary system is also considered.
• Finally, some new impactful engineering insights are presented. Notation: |x| takes the absolute value of x while x is the Euclidean norm of vector x. E[·] is the expectation operator and Pr[·] returns probability. The symbol d = means equality in distribution. The functions f X (·), F X (·) and F X (·) represent probability density function (PDF), cumulative distribution function (CDF) and complementary CDF of the random variable (RV) X , respectively. Complex-valued Gaussian RVs with mean µ and variance σ 2 are denoted as CN (µ, σ 2 ). Finally, (·) denotes the gamma function [17, eq. 
II. SYSTEM AND CHANNEL MODEL
Consider a point-to-point (secondary) CR system, which operates under the presence of a primary system, as illustrated in Fig. 1a , where PT and PR denote the single-antenna primary Tx and Rx, respectively. Similarly, ST and SR denote the single-antenna secondary Tx and Rx, respectively. It is assumed that the Tx nodes of both systems harvest energy by a dedicated PB base station, which is in their close vicinity. Afterwards, based on this energy, they can transmit their data streams to their corresponding Rx nodes. Independent and not necessarily identically distributed κ − µ shadowed fading channels are assumed for the various involved links to cope with realistic conditions. The reason why the κ − µ shadowed distribution is adopted for the channel modeling is threefold: generality, tractability and accuracy. In fact, this model includes other popular distributions as special cases, such as Rician, Nakagami-m and Rayleigh fading models. Most importantly, it provides an improved fit to field measurements than the latter models and a relative mathematical simplicity at the same time [16] .
The communication activity of the single-antenna primary system occurs in consecutive transmission frames, each with a fixed duration T . The primary Tx uses a certain fraction of the frame with duration τ T for EH and then utilizes the remaining time (1 − τ )T for DT (in a similar basis as in, e.g., [18] , [19] ). In out-band EH systems, PB operates in a dedicated frequency band (different from the one used for data communication). 1 Capitalizing on this approach, the secondary system operates in an interweave CR basis, such that it causes no interference onto the primary system. To this end, the secondary system uses the former time fraction for DT and the latter one for EH (see Fig. 1b ). In what follows, we focus on the analysis and evaluation of the secondary system performance, which is the scope of current work, given a fixed switching time τ specified by the primary system. 2 During the EH phase of the n th time instance, the received signal at ST, y p , reads as
where P b , d PBST and α are the transmit power of PB, distance and path-loss factor of the PB − ST channel link, respectively. Also, h p [n], s PB and n ST [n] denote, respectively, the channel fading, reference signal and additive white Gaussian noise (AWGN) at ST, regarding the PB − ST channel link.
In the current work, a 'one-shot' policy is adopted; the DT phase occurs in a given time instance only when the energy buffer has been full (= TM Joules) in the previous time instance(s), where M is the predetermined Tx power at ST, while TM denotes the total capacity of the energy storage circuit at ST. Then, it uses the required energy to transmit during τ T fraction of time (i.e., using a predetermined Tx power M to meet the appropriate transmission quality level) in a single shot. Thus, the corresponding harvested energy at the n th time instance is given by
where 0 < η ≤ 1 represents the power-to-energy conversion efficiency factor. Studying a finite-size energy buffer, supercapacitors can be leveraged since they provide quite a fast charging rate, long cycle lifetime, high storage efficiency, while they can be integrated on chip, which makes them suitable storage devices for EH nodes [1] , [20] . Afterwards, based on a full energy buffer at the n th time instance, the secondary system enters the DT phase in the (n + 1) th time instance. Hence, the received signal at SR, conditioned on the fact that EH[n] = TM , is expressed as
where d STSR and α s is the distance and path-loss factor of the ST − SR channel link, respectively. Also, h s [n + 1], s s [n + 1] and n SR [n + 1] denote, respectively, the channel fading, unit-energy transmitted symbol and AWGN at SR, regarding the ST − SR channel link. Otherwise, it transmits no data during τ T [n + 1], whereas it enters to the EH phase for (at least) a duration of T [n + 1] instead. 3 Moreover, it is assumed that {n ST , n SR } d = CN (0, N 0 ), as time-invariant random processes. Also, the channel fading gains are modeled as κ − µ shadowed RVs, denoted as S, such that
with a corresponding PDF defined as [15, eq. (12) ], [16, eq. (1)]
while µ ≤ m are specific integer parameters, which are explicitly defined in [15, 
with K denoting the Rician−K factor and
It is noteworthy that the µ parameter in (4) reflects the number of Tx antenna elements. In particular, in the case of a single-antenna PB (see Fig. 1a ), µ = 1 and |h p | 2 d = S(N , 1, m, K ), while in the case of a L−antenna PB then µ = L and hence the effective received channel gain becomes h p 2 d = S(N , L, m, K ). Some other key statistical results, which directly arise from (5) and are used in the rest of this paper, are expressed as
III. PERFORMANCE METRICS
According to the proposed mode-of-operation, it is naturally desirable to provide energy efficiency to ST, i.e., the EH phase in each time instance should be enough to transmit in every frame. Doing so, the total system throughput is also maximized since ST never stays inactive at a given frame. To this end, it is quite important to bound the effective range/distance between the PB − ST channel link in order to satisfy this condition.
A. EFFECTIVE EH RANGE
To derive the effective d PBST , according to (2) , it should hold that
Conditioned on the latter constraint, the average channel capacity reads as
Further, it holds that C ≥ C L , where C L denotes a lower bound of C. Using the fact that log 2 (1+exp(z)) is convex with respect to z ∀z > 0, (12) , and based on Jensen's inequality, we get
On the other hand, the actual average capacity experienced at SR (using a fixed Tx power M at ST) is given by
where it holds that C A ≥ C A L with C A L denoting the lower bound of the benchmark average channel capacity C A . Following a similar methodology as previously, we get
Thereby, setting C L = C A L , we can directly interrelate the lower achievable channel capacity of the secondary system (given a fixed Tx power M ), with the effective distance of the PB − ST channel link. Doing so, the effective range of
B. OUTAGE PROBABILITY AND AVERAGE THROUGHPUT
Outage probability at the n th time instance is defined as the probability that ST transmits yet the received SNR at SR is below a prescribed outage threshold, γ th , or the probability that ST does not transmit and utilizes solely EH. It is expressed as
where P tr [n] denotes the transmission probability at the n th time instance, γ th 2 R − 1 with R being the target (normalized) data rate for the secondary service in bps/Hz and
The remaining issue in order to derive the outage probability is P tr [·]. The transmission probability at the n th time instance is modeled as
where
and l stands for the number of previous consecutive time instances where ST has been inactive (not transmitting) and used solely EH instead. The first term of (21) in curly brackets denotes the probability that ST is inside the effective PB − ST range. Therefore, the EH activity during the remaining fraction at the (n − 1) th time instance (along with the remaining energy (1 − τ )M after transmission) is enough to meet the prescribed standards of the energy buffer and one-shot policy.
On the other hand, the second term of (21) in curly brackets denotes the case when the PB − ST link distance is outside the effective range. In this case, transmission in every consecutive time instance is not satisfied because the received harvested energy at ST does not meet the aforementioned condition due to severe channel fading and/or strong propagation attenuation. There are two possible scenarios:
(i) ST does not transmit at the previous (n − 1) th time instance, whereas it uses the entire duration for EH, and the received energy is enough (i.e., ≥ M ) to transmit at the n th time instance; (ii)
The harvested energy was not enough for l − 1 consecutive time instances, while it satisfies the aforementioned energy standards for l ones, up to the (n − 1) th time instance. The latter scenario (ii) is modeled by J (l), which includes two ordered and mutually correlated RVs, such that
and n−2
Hence, a similar approach as in [21, eq. (14) and Fig. 3a ] can be used to show that
= S(N , l, m, K ). Thus, (26) can be easily computed via (10), given a certain value of l ≥ 2.
In addition, assuming that the random placement of ST within a given range follows the uniform (spatial) distribution, the PDF of d PBST is given by
where d min denotes a minimum allowable distance from PB (mainly for human safety reasons due to the high radiated power of PB [3, Remark 4]; otherwise, d min = 0) and d max is the radius of coverage (circular) area of PB. Capitalizing on the above results, the first term in curly brackets of (21) can be rewritten as
Similarly, the second term in curly brackets reads as
where (30) follows by neglecting J (l) from (29). For a numerical setting of practical interest (provided in the next section), J (l) takes values in the order of 10 −6 by setting l = 2, while it takes values 10 −8 for l = 3. On the other hand, evaluating (30) yields values 10 −3 . Hence, the lower bound of (30) is quite tight.
Using (10) and (27), (28) and (30) are, respectively, evaluated with the aid of [17, eq. (3.381.9)] as
Finally, by inserting (31) and (32) into (21), we get P tr [n] ≈ 1 + 2 . In fact, it holds that P tr [n] ≥ 1 + 2 according to (30). Hence, inserting (20) into (19) , the outage probability is tightly upper bounded in a closed formula.
Furthermore, the average effective throughput (in bps/Hz) is defined as
which can be sharply lower bounded via (19) , (31) and (32).
C. PRACTICAL ENERGY HARVESTING IMPERFECTIONS
In practice, the EH and power amplifier circuits may not perform ideally. In this case, for a given Tx power at ST, i.e., M , the corresponding power amplifier consumes a total power ρM , where ρ ≥ 1 denotes the power amplifier inefficiency factor. In addition, the EH circuit consumes a constant power P c during transmission [14] . Hence, according to the proposed mode-of-operation, ST transmits using a constant power M whenever its stored energy reaches
otherwise it does not transmit and performs EH instead. VOLUME 6, 2018 Thus, in the case of EH imperfections, the transmission probability in (21) becomes
To this end, after some simple manipulations, we can easily show that the previously presented analytical results for the considered performance metrics are valid in this case, by substituting M with M in (31) and (32).
IV. NUMERICAL RESULTS
In this section, numerical results are presented and compared with Monte-Carlo simulation results, which are illustrated as line-curves and circle-marks, respectively. In the ensuing simulation experiments, the Tx power at PB is set to be P b = 33dBm, the Tx power at ST is M = 20dBm (unless otherwise specified), {α = 2.4, m = 20, K = 7}, which reflect line-of-sight propagation conditions for the PB − ST channel link [15] , [16] , the power-to-energy conversion efficiency is η = 0.85 [3] , and N 0 = −101dBm. For the ST − SR signal path loss, a s = 3 is assumed. Also, for the scenario of EH imperfection, ρ = 1.2 and P c = −30dBm (i.e., M ≈ 0.12mJ for T = 1ms). Finally, {d min = 1m and d max = 15m}, which correspond to the coverage of the PB − ST channel link, while d STSR = 30m. In Fig. 2 , the outage performance of the considered secondary system is presented for two different setups; the ideal EH case (where ρ = 1 and P c = 0) and the non-ideal case reflecting the practical imperfection of EH circuit. Obviously, the outage performance is worse for a higher switching time τ . This occurs since ST transmits a longer duration in each time instance for higher τ , which corresponds to more energy losses of the energy buffer at ST. In turn, the probability that ST stays inactive (i.e., non-transmitting) at a given time instance is increased, which also results to an increased outage probability. It is also noteworthy that the case when a multi-antenna PB is adopted drastically impacts on the enhancement of the outage performance since the amount of collected energy at ST is proportionally enhanced; hence, the probability that ST transmits using a constant Tx power M , given a full energy buffer, is correspondingly increased. Quite similar outcomes are extracted from Figs. 3 and 4. In Fig. 3 , the system outage performance is presented with respect to various Tx power values at ST, M , while assuming a fixed switching time τ = 0.35. The outage probability is reduced for lower M values since less energy cost is produced at the energy buffer of ST for each transmission. To this end, the transmission probability is higher at each consecutive frame yielding to a corresponding reduction of an outage event. In a similar basis, the transmission probability is presented in Fig. 4 , which is increased for a lower switching time τ and vice versa, in accordance to the aforementioned observations.
In Fig. 5 , the average effective throughput of the considered system is presented, which is enhanced for higher τ values up to a certain point and then it sharply decreases. As expected, this is a reasonable outcome since for a longer transmit duration, in each time instance, more data streams can potentially be transferred from ST to SR. However, for quite high τ values (i.e., τ ≥ 0.85), the transmission probability at a given frame is very low reflecting to relatively high energy losses of the energy buffer at ST, which in turn results to a decreasing average effective throughput. As noticed from Fig. 2 and also verified in Figs. 3, 4 and 5, the efficiency of EH circuit (i.e., the quality of its hardware gear) plays a key role to the overall performance of the considered system. To this end, network practitioners working into this field should pay attention to the efficient design of EH equipment to maintain sufficient communication quality in EH-enabled transmission systems.
V. CONCLUSION
A new interweave EH-enabled CR system was analytically presented when the wireless power transfer occurs via the out-band transmission mode-of-operation. The performance of the proposed system was studied under independent and not necessarily identically distributed κ − µ shadowed faded channels; such channels can efficiently model quite versatile fading conditions. The provided numerical and simulation results verified the effectiveness of the proposed scheme, while some useful performance metrics were derived in new closed-form expressions. Finally, although there is no co-channel interference introduced between the primary and secondary system, a dominant performance degradation factor is the quality of EH circuit installed at the considered system. 
